Transport properties of ultra-thin VO 2 films on (001) TiO 2 grown by reactive molecular-beam epitaxy ( We report the growth of (001)-oriented VO 2 films as thin as 1.5 nm with abrupt and reproducible metal-insulator transitions (MIT) without a capping layer. Limitations to the growth of thinner films with sharp MITs are discussed, including the Volmer-Weber type growth mode due to the high energy of the (001) VO 2 surface. Another key limitation is interdiffusion with the (001) TiO 2 substrate, which we quantify using low angle annular dark field scanning transmission electron microscopy in conjunction with electron energy loss spectroscopy. We find that controlling island coalescence on the (001) surface and minimization of cation interdiffusion by using a low growth temperature followed by a brief anneal at higher temperature are crucial for realizing ultrathin VO 2 films with abrupt MIT behavior. V C 2015 AIP Publishing LLC.
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Controlling the metal-to-insulator transition (MIT) of vanadium dioxide (VO 2 ) by means of an external electricfield, the so called the "MIT transistor" concept, has received significant recent attention. 1, 2 Ionic-liquid-gating has been reported to apply a huge electric-field to the VO 2 channel, resulting in an electric-field driven metallic state throughout the entire VO 2 channel. 1 The slow response time of ionicliquid gating due to its polarization arising from space charge and its propensity to chemically react with VO 2 and form oxygen vacancies, 2 however, make it unlikely to be practical for electronics applications.
An alternative approach to practical MIT transistors is to use a solid gate dielectric with a high dielectric constant (K), 3 but this approach requires VO 2 films that are only a few nm thick with a large relative change in resistance (DR/R) at the MIT. In bulk single crystals of VO 2 , DR/R is of order 10 5 (Ref. 4), but DR/R of 10 4 had only been achieved for VO 2 films 100 nm or more in thickness, [5] [6] [7] until recently when DR/R of 10 4 was reported in a 10 nm thick epitaxial VO 2 film grown on (001) TiO 2 . 8, 9 For thinner samples, the DR/R was observed to quickly degrade until no transition at all was seen in uncapped samples 3 nm or less in thickness. 8 In this letter, we describe a method for growth of ultrathin VO 2 films by molecular-beam epitaxy (MBE). The prior route to VO 2 films by MBE has been previously described as the "epitaxy by periodic annealing" method, in which sub-monolayer amorphous vanadium metal is deposited and subsequent annealing in distilled ozone at a relatively low growth temperature (to minimize interdiffusion). 10 Our current method for VO 2 growth by MBE is both faster and more amenable to variations in growth parameters. Using it, we achieve abrupt and reproducible MITs in VO 2 films as thin as 1.5 nm, and with large values of DR/R. The key to this alternative growth method is the vanadium oxidation kinetics, i.e., a slow growth rate and distilled ozone are necessary to achieve an MIT in MBE-grown VO 2 .
To estimate the relevant thickness of VO 2 13) , m e is the mass of an electron, k B is Boltzmann's constant, T is room temperature (300 K), and e is the charge of an electron. For VO 2 in the metallic state, this length is even shorter.
We grew epitaxial VO 2 thin films on rutile (001) GEN10. The vanadium flux was calibrated to be in the range of 2-3 Â 10 12 atoms/(cm 2 Ás) by a quartz crystal microbalance (QCM) before growth. This flux is an order of magnitude lower than that used in the periodic annealing method. 10 Vanadium and distilled ozone were codeposited onto the (001) TiO 2 substrate held at 250 C (thermocouple temperature) under a distilled ozone background pressure of 1.0 Â 10 À6 Torr. The resulting VO 2 film growth rate was about 0.012-0.015 Å /s. The optimal growth temperature (T s ) was established from MIT transport measurements (see supplementary Figure S1 ). 29 It should be noted that a low hydrogen partial pressure (less than 4 Â 10 À9 Torr) was required to achieve a sharp MIT. 14 Following deposition of the desired film thickness, the temperature of the sample was rapidly ramped to 350 C, then immediately cooled to below 100 C under the same background pressure of distilled ozone (1 Â 10 À6 Torr). This in situ flash annealing step improved the film smoothness and resulted in a more abrupt MIT (see supplementary Figure S2 ). 29 In situ reflection high-energy electron diffraction (RHEED) was used to monitor film growth. Four-circle X-ray diffraction (XRD) with a 220 Ge monochromator and a 220 Ge analyzer were used to assess the structural quality of the films at room temperature. The film thickness was estimated from the vanadium flux measured by the QCM and confirmed by the spacing of the XRD thickness fringes (Kiessig fringes) of the 002 VO 2 Bragg peak. The film thickness was corroborated by measuring the areal density of vanadium atoms by Rutherford backscattering spectrometry (RBS), and assuming films to have bulk VO 2 density. 15 Low-angle annular dark field (LAADF) scanning transmission electron microscopy (STEM) confirmed the interfacial atomic structure; electron-energy loss spectroscopy (EELS) was used to assess the vanadium valence state and to evaluate the titanium interdiffusion length. The surface morphology was characterized by atomic force microscopy (AFM). Temperature-dependent electrical transport was measured using the van der Pauw 4-point method where the sample was contacted with gold wires and silver paint.
To optimize film growth, we developed a surface termination recipe for the (001) TiO 2 surface by chemical etching and annealing. After rinsing in organic solvents, the substrates were etched in a 23% HF aqueous solution to remove metallic impurities from the TiO 2 surface. The substrates were then heated to 1050 C in air and cooled down to room temperature with dwell steps at 950 C for 30 min and at 850 C for 60 min to promote the formation of an atomically smooth, stable surface. A terminated (001) TiO 2 surface with a well-defined step and terrace structure was revealed directly by AFM and indirectly by RHEED (see supplementary Figure S3 ). 29 Note that our etching/annealing recipe for (001) TiO 2 only worked for single crystals grown by the floating zone method. 16 Prior to growth, the substrates were heated to 250 C in a distilled ozone background pressure of 1 Â 10 À6 Torr. Strong Kikuchi lines are evident on the bare (001) TiO 2 substrate (region a in Fig. 1 ), indicative of a smooth and well ordered surface.
Growth of VO 2 on terminated (001) TiO 2 substrates proceeded in a manner similar to Fig. 1 ; a three-dimensional transmission RHEED pattern occurred despite the surface termination of the TiO 2 substrate. Figure 1 shows the time dependence of the growth parameters used for a 10 nm thick VO 2 film deposited on (001) TiO 2 as well as the in situ RHEED pattern evolution during the growth. The a, b, c, d image sequence corresponds to RHEED images during VO 2 growth along the [110] (top row) and [100] (bottom row) azimuthal directions. VO 2 growth was initiated by supplying a continuous low flux of vanadium (region b). At this point, the RHEED intensity was monitored, but RHEED oscillations were not observed during growth. Instead, the growing film developed a Volmer-Weber type transmission RHEED pattern (region c). This surface roughening originates from (001) having the highest surface energy of the low index planes of rutile. 17, 18 The rough three-dimensional growth nature of the (001) VO 2 film could be modified (region d) after the growth was complete utilizing flash annealing to 350 C followed immediately by cooling to below 100 C in the same distilled ozone background pressure (1 Â 10 À6 Torr). This final step enhanced the coalescence of (001)-oriented VO 2 islands; it also improved the abruptness of the MIT (see supplementary Figure S2 ). 29 Annealing temperatures higher than 350 C degraded the MIT and raised the MIT transition temperature T c ; this is likely due to the diffusion of titanium from the substrate into the VO 2 films.
h/2h XRD patterns of VO 2 thin films with thicknesses ranging from 1.5 to 30 nm are shown in Fig. 2(a) . Welldefined thickness fringes are seen in the thicker films, and the film thickness calculated from these fringes is consistent with the QCM flux measurement within our 610% error bar. The normalized 002 rocking curves of VO 2 films are overlaid in Fig. 2(b) , and the full width at half maximum (FWHM) values of the rocking curves are plotted in Fig.  2(c) . The FWHM values of VO 2 films with thickness between 3 and 10 nm are 0.004 -0.0045 . These values are comparable to those of the 002 rocking curves of the underlying TiO 2 substrates (0.004 -0.0044 ), demonstrating the similar structural quality between film and substrate. For thicker VO 2 films, the FWHM increases slightly to 0.006 -0.007 for the 15 and 20 nm thick films, and the structural relaxation is clearly seen in the 30 nm thick film (FWHM of 0.012 ). The c-axis length of the VO 2 films was calculated based on a Gaussian fit to the 002 VO 2 peaks (Fig. 2(a) ), and the a-axis length was calculated based on scans of the off-axis 101, 202, and 303 peaks and a Nelson-Riley fit 19 of the d 101 spacing (Fig. 2(d) ). The relaxation with film thickness is apparent in the FWHM of the rocking curve and the film a-axis length of films over 15 nm thick. Figure 3(a) shows the temperature-dependent electrical transport (resistivity vs. temperature) of the same VO 2 films. The DR/R, T c , transition width, and hysteresis characteristics of the MIT were analyzed using an established method, 10 and are given in Table I . An abrupt resistivity change with DR/R % 10 3 is consistently observed in films with thicknesses ranging from 3 to 20 nm. In this film thickness range, T c resided around 290 6 5 K with a hysteresis value of 12 6 3 K. The lower T c compared to bulk or single crystalline VO 2 ($340 K) 4 is consistent with a biaxial in-plane tensile strain effect. 20 The lower T c exhibited by the films under biaxial tensile strain results from a shortened c-axis lattice parameter, stabilizing the metallic ground state by the increase of overlap between the vanadium and oxygen atoms along the c-axis. 21 The higher resistivity observed for the 15 and 20 nm thick films in their metallic state compared to the coherently strained VO 2 films (between 3 and 10 nm thick VO 2 ) could be due to defects associated with film relaxation. For the 30 nm thick film, multiple steps are seen in the q vs. T transport behavior. This multistep MIT behavior originates from microcracks disrupting the homogeneous flow of current, as revealed by the AFM measurements in Fig. 4(a) , showing the existence of such cracks in these same films. Our observation is consistent with other reports, 22 and such cracks are common in tensile strained oxide films. 23 A suppression of the MIT (i.e., a decreased DR/R) was observed as the VO 2 film thickness reached the ultra-thin 1.5 nm thickness range (without a capping layer). The observed suppression of the MIT and its slanted shape (see Fig. 3 (a)) could be due to surface degradation from air exposure. To check this possibility, we deposited a 5 nm thick amorphous LaAlO 3 capping layer on top of the 1.5 nm VO 2 film before removing it from the MBE and exposing it to air. A suppressed and slanted MIT behavior was still observed, however, and the transition temperature was lower than for the film without a capping layer. The film roughness arising from the Volmer-Weber growth mode, and resulting inhomogeneous film connectivity and current flow could be responsible for the slanted MIT behavior of the 1.5 nm VO 2 film. Another possible extrinsic cause of the suppression of the MIT in the ultrathin VO 2 films is interdiffusion with the substrate. 24 The chemical interdiffusion between film and substrate was characterized using LAADF-STEM and EELS. Figure  5 (a) shows a LAADF-STEM image of the VO 2 films; LAADF-STEM was chosen in contrast to high-angle annular dark field STEM (HAADF-STEM) due to the low Z-contrast between vanadium and titanium. The interface is coherent yet appears diffuse over approximately 1 nm. Figure 5(b) shows the corresponding EELS line profile of the vanadium and titanium concentrations acquired from the V-L 2,3 and Ti-L 2,3 edges, respectively. Despite the low growth temperature used, titanium-interdiffusion is observed over 5-6 unit cells (1.4-1.7 nm) near the interface. The extent of the interdiffusion is consistent with the degraded MIT observed in the 1.5 nm thick films arising from an extrinsic origin, i.e., interdiffusion. Ti-doping has been observed to depress DR/R in (Ti,V)O 2 single crystal 26, 27 and polycrystalline samples. 28 Ti-doping has also been observed to make the metallic state above T c semiconducting (a negative R vs. T slope); 26, 27 indeed, such behavior is seen in the 1.5 nm thick VO 2 films, where the transport is dominated by the interdiffused region. Analysis of the V-L 2,3 also suggested a slight reduction in the vanadium valence in the interfacial region. 25 In summary, we have developed an alternative growth method for the epitaxial growth of VO 2 thin films by MBE. Films grown by this technique show reproducible MITs with DR/R ¼ 10 3 for VO 2 thicknesses down to 3 nm. The threedimensional growth mode, combined with interdiffusion with the substrate, limits the achievement of a sharp MIT for thinner films using this technique. The development of other substrates for VO 2 growth with higher surface energy and less prone to interdiffusion than TiO 2 would be an important step on the road to the electric-field control of the MIT in ultra-thin VO 2 films using solid high-K dielectrics.
